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Abstract
We investigate particle motion in the vicinity of a 4D Einstein-Gauss-Bonnet
(EGB) black hole immersed in external asymptotically uniform magnetic field.
It is well known that magnetic fields can strongly affect charged particle motion
in the black hole vicinity due to the Lorenz force. We find that the presence
of the Gauss-Bonnet (GB) coupling gives rise to a similar effect, reducing the
radius of the innermost stable circular orbit (ISCO) with respect to the purely
relativistic Schwarzschild black hole. Further, we consider particle collisions in
the black hole vicinity to determine the center of mass energy and show that
this energy increases with respect to the Schwarzschild case due to the effect
of the GB term. Finally, we consider epicyclic motion and its frequencies and
resonance as a mean to test the predictions of the model against astrophysical
observations. In particular we test which values of the parameters of the theory
best fit the 3:2 resonance of high-frequency quasi-periodic oscillations in three
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low-mass X-ray binaries.
1. Introduction
Among other reasons, the fascination for black holes comes from the fact
that they are described by very simple mathematical equations that are used to
model existing astrophysical phenomena which allow us to explore the limits of
the relativistic theory. Until now the properties of gravitational waves detected
by the LIGO and Virgo scientific collaborations [1, 2] have not shown depar-
tures from the expected behaviour of general relativistic black holes. However,
we know that General Relativity (GR) is an incomplete theory and it is possi-
ble that gravity in the strong field is better described by some other theory of
which GR is the low energy limit. In this context higher order theories have
been considered as possible extensions of GR [3]. While Einstein gravity is con-
structed from linear order in Riemann curvature, Gauss-Bonnet (GB) gravity is
a quadratic order theory which contains higher order invariants, thus belonging
to the class of Lovelock theories [4]. While Lovelock theories are a generaliza-
tion of Einstein’s theory that is valid in arbitrary D dimensions it was generally
believed that GB gravity would give non vanishing contribution only in D > 4,
a result known as Lovelock theorem. However, it was recently suggested that
a 4-dimensional Einstein-Gauss-Bonnet (4D EGB) theory could exist and that
Lovelock’s theorem could be bypassed by a suitable redefinition of the GB cou-
pling constant [5]. The new 4D EGB is presently under scrutiny on the basis
of two main arguments. One involving the ill-posedness of the action for the
theory [6, 7] and the other regarding the validity of the rescaling of the GB con-
stant, that may be possible only for systems with certain symmetries [8, 9]. Both
objections, if valid, may invalidate the 4D EGB theory as an alternative to Ein-
stein’s theory. However, the fact remains that solutions with high symmetries
exist, they have clear physical interpretation that mirrors the corresponding so-
lutions in GR, and may be regarded as coming from an effective prescription for
the lower dimensional limit of GB gravity. For this reason, the investigation of
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the properties of such solutions has value regardless of the validity of the theory
and has attracted great interest [see, e.g. 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].
The EGB theory has also been addressed in a new theoretical framework (see
for example [21, 22]).
In the present paper, we consider high energy phenomena such as colli-
sion processes in the background geometry of a 4D EGB black hole immersed
in an external asymptotically uniform magnetic field and the epicyclic motion
around stable circular orbits and its applications to the quasi-periodic oscilla-
tions (QPOs) observed in microquasars.
In recent years much attention has been devoted to the study of charged
particle motion in the background of black holes immersed in an external mag-
netic field in GR and alternative theories of gravity [23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]. Much of the analysis in the
framework of particle motion has been motivated by probing the nature of
winds and jets coming from active galactic nuclei (AGN) [41, 42, 43]. To
explain such phenomena a number of energetic mechanisms have been pro-
posed, and one of the most significant is the process of high energy particle
collisions occurring in the near horizon region. The original model was pro-
posed by Banados, Silk and West (BSW) [44] and a large amount of work has
been done since then to test the BSW effect in various frameworks, [see, e.g.
45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65].
Furthermore, the BSW thought experiment has been extended to the context
of alternative theories of gravity [66] as well as to solutions with naked singu-
larities [67, 68, 69]. Particle collisions are a useful tool to probe the black hole
geometry and may describe processes occurring in the environment of astrophys-
ical black holes [70, 71, 72, 73, 74] such as jets from active galactic nuclei [75].
Arguably, the BSW model and the Penrose process [76] are the most studied
mechanisms for the production of high energy particles in the vicinity of black
holes Refs. [77, 78, 79].
In this paper we shall consider external magnetic fields, due to the fact that
black holes can not have their own magnetic fields [80, 81]. When thinking
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about astrophysical black holes, the external magnetic field may be due to the
accretion disc around the black hole itself [82] or to the existence of nearby
neutron stars [80, 83, 84, 85]. The analysis of magnetic field strengths induced
by different sources has been done in [86, 87, 88, 89, 90]. In the paper we also
consider the simple case of a test magnetic field which does not modify the
background geometry.
In some of the galactic microquasars (binary systems containing a black hole
surrounded by an accretion disk), twin high-frequency quasiperiodic oscillations
(HF QPOs) are observed, usually, in the frequency ratio 3:2 indicating the pres-
ence of resonant phenomena [91]. There is a large variety of HF QPO models
(see e.g. [92]) related to the epicyclic motion of hot spots of the accretions disks
e.g. relativistic precession model [93] or oscillatory models of the accretion disk
[94, 95]. In these models, the observed frequencies are related to the frequencies
of the geodesic epicyclic motion, or to their combinations. However, it has been
demonstrated that there is no unique model of this kind that could explain the
twin 3:2 HF QPOs observed in three microquasars [96]. For this reason, the
frequencies of the epicyclic motion of charged particles orbiting a magnetized
black hole were considered [97, 98] and it has been shown that the magnetic
modifications of the epicyclic oscillation models are able to explain data ob-
served in all three microquasars [99, 65]. In the present article we perform a
similar analysis for the case of 4D EGB black holes. We show that for three
microquasars we can find suitable parameter values and thus explain the effects
associated with epicyclic oscillation around 4D EGB black holes.
The paper is organized as follows: In Sec. 2 we briefly describe 4D EGB
gravity and its black hole solutions. In Secs. 3 and 5 we study the charged
particle and epecyclic motions with QPOs in the black hole vicinity in the
presence of an external asymptotically uniform magnetic field. The effect of
the Gauss-Bonnet coupling constant on the extracted energy by the collision
process is studied in Sec. 4. We end up our concluding remarks in Sec. 6.
In this work we use a system of units in which G = c = 1. Greek indices are
taken to run from 0 to 3, Latin indices from 1 to 3.
4
2. Black holes in 4D Einstein-Gauss-Bonnet gravity
In D = 4 dimensions, the action for the Gauss-Bonnet theory is given by
S =
1
16piG
∫ √−gd4x [R+ αLGB ] , (1)
with α being the Gauss-Bonnet (GB) coupling constant and the GB contribution
to the action given by
LGB = RµνλδR
µνλδ − 4RµνRµν +R2 , (2)
where R refers to the scalar curvature. Lovelock’s theorem states that it is
impossible for the GB term to contribute to the gravitational dynamics in D =
4 since this term in the Lagrangian is a total derivative. However in [5] it
was shown that there exist a way to consider a non-trivial contribution to the
equations of motion by rescaling the coupling constant thus avoiding Lovelock’s
theorem. As mentioned, the trick works at the level of equations of motion
but does not provide a valid action for the 4-dimensional theory. In fact, by
rescaling the coupling constant α → α/(D − 4) in the Gauss-Bonnet term and
then imposing the limit D → 4, the authors of [5] were able to obtain spherically
symmetric 4D EGB black hole solutions as
ds2 = −F (r)dt2 + dr
2
F (r)
+ r2dΩ2, (3)
with
F (r) = 1 +
r2
2α
(
1±
√
1 +
8αM
r3
)
, (4)
with black hole mass M . It is worth noticing that differently from GR in GB
theory there exist two separate branches of black hole solutions depending on the
sign in front of the square root. One solution, the one with the minus sign, has
an attractive massive point source and asymptotically exhibits Schwarzschild-
like behaviour [100, 101]. This solution may mimic a Schwarzschild black hole
for far away observer and therefore in the following we will focus of the ‘minus’
branch of solutions.
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In the limit α→ 0, Eq. (4) takes the form
lim
α→0
F (r) = 1− 2M
r
+
4M2
r4
α+ ... (5)
and it is easy to see that one can retrieve the Schwarzschild case when α → 0.
Therefore this appears to be the right branch to investigate the departure from
GR solution in the 4D EGB theory. From the first derivative of F (r) we find
one extremum point when α 6= 0, i.e. r = M1/3α1/3 given by
F (r) = 1−M2/3α−1/3 . (6)
This helps one to find the allowed range of the coupling constant α. We then
get 0 < α/M2 ≤ 1 by imposing the minimum condition, i.e. F (α1/3) ≤ 0.
Therefore we will deal with 0 < α/M2 ≤ 1 throughout the paper. However,
it is worth noting that one can also consider α < 0. It has been shown that
values of the coupling constant α/M2 in the range (−8, 1) allow for the existence
of a black hole and possible pathologies are hidden below the horizon (see for
example [102]). The study of the stability of the solution further shows that
the object is unstable for 0 < α/M2 ≤ 0.15 and stable for −2 < α/M2 < 0 while
stability/instability is not determined for α/M2 ≤ −2 (see for example [103]).
However, negative values of α make the EGB theory repulsive and its connection
with Einstein’s theory is not straightforward. For this reason in the following
we focus on the case of α > 0. Let us then consider a coordinate singularity
for the black hole in 4D EGB gravity. By imposing the condition F (r) = 0 we
determine the horizon of the black hole as
rh = M ±
√
M2 − α . (7)
It is immediately clear that the two outer and inner horizons coincide if and
only if α = M2 and an extremal black hole with horizon r = M is obtained in
this case. Note that the black hole horizon no longer exists in the case α > M2,
in which case the space-time exhibits a naked singularity.
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3. Charged particle motion
Here we consider charged particle motion in the gravitational field of the
4D EGB black hole immersed in an external asymptotically uniform magnetic
field. The existence of a timelike ξµ(t) = (∂/∂t)
µ and a spacelike ξµ(ϕ) = (∂/∂φ)
µ
Killing vector allows one to take two Killing equations as [82]
ξµ;ν + ξν;µ = 0 , (8)
so that we have ξµ = 0 in the vacuum case, similarly to the case of Maxwell
equations in the Lorentz gauge for which Aµ = 0, where Aµ is the electro-
magnetic 4-potential. However, the line element of 4D EGB gravity spacetime
is not Ricci flat, i.e. ξµ = ξµ;ν;ν = Rµδ ξδ 6= 0. Thus, the vector potential of the
electromagnetic field must take the form
Aµ = C1ξ
µ
(t) + C2ξ
µ
(φ) + n
µ , (9)
where integration constants can be considered as C1 = 0 and C2 = B/2, re-
spectively, for a static and spherically symmetric black hole spacetime and the
vector nµ accounts for the non-flat Ricci tensor Rµν 6= 0. Then nµ and Rµν are
related by the following expression
nµ = C2ξγ(φ)R
µ
γ . (10)
Hence, we obtain the components of the electromagnetic field’s 4-vector poten-
tials as
At = Ar = Aθ = 0 , and Aϕ =
B
2
r2
(
1 +
3M2
5r4
α
)
sin2 θ . (11)
Given the four velocity of zero angular momentum observers (ZAMO) (uµ)ZAMO ={
−√F , 0, 0, 0
}
the Faraday tensor components are written as
Frφ = Br
(
1− 3M
2
5r4
α
)
sin2 θ , (12)
Fθφ = Br2
(
1 +
3M2
5r4
α
)
sin θ cos θ . (13)
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Figure 1: Radial dependence of the effective potential for massive particles around a black
hole in 4D EGB gravity and immersed in an external asymptotically uniform magnetic field.
From left: Veff is plotted for different values of α in the case of β = 0 and for different values
of β in the case of α = 0.1.
It is then straightforward to determine the physical components of the mag-
netic field obtained by projecting the magnetic field components on the tetrads
evaluated by ZAMO. These components are
Brˆ = −B
(
1 +
3M2
5r4
α
)
cos θ and Bθˆ = B
√
F
(
1− 3M
2
5r4
α
)
sin θ . (14)
In flat spacetime and at asymptotic infinity, ie. for M/r → 0 Eq. (14)
yields
Brˆ = −B cos θ , Bθˆ = B sin θ , (15)
which describes a homogeneous magnetic field in flat spacetime.
To study of the motion of charged particles in the vicinity of the 4D EGB
black hole and in the presence of an external magnetic field is done by consid-
ering the Hamiltonian-Jacobi equation [104]
H ≡ 1
2
gµν
(
∂S
∂xµ
− qAν
)(
∂S
∂xν
− qAν
)
, (16)
with the action S, the coordinate four-vector xµ, the electromagnetic field four-
vector potential Aα from Eq. (11) and the test particle’s charge q. The Hamil-
tonian is a constant that can be set to H = k/2 with k = −m2 (where m is the
test particle’s mass).
Then from Hamilton-Jacobi equation, using the conservation equations for
the two Killing vectors, we obtain the action S for the motion of charged particles
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around the black hole as
S =
1
2
kλ− Et+ Lϕ+ Sr(r) + Sθ(θ) . (17)
Here E and L are the energy and angular momentum of the charged particle, re-
spectively. From Eq. (17), we rewrite Hamilton-Jacobi equation in the following
form
k = −F (r)−1E2 + F (r)
(
∂Sr
∂r
)2
+
1
r2
(
∂Sθ
∂θ
)2
+
(L− qAϕ)2
r2 sin2 θ
, (18)
and introduce two Hamiltonian parts, dynamical and potential as
Hdyn =
1
2
(
F (r)
(
∂Sr
∂r
)2
+
1
r2
(
∂Sθ
∂θ
)2)
, (19)
Hpot =
1
2
(
−F (r)−1E2 + (L− qAϕ)
2
r2 sin2 θ
− k
)
. (20)
The system has four independent constants of motion, three of which (E, L
and k) have been specified. The fourth constant of motion can be obtained
due to separability of the action and it is related to the latitudinal motion of
test particles [104]. However, in the following we will restrict the attention
to equatorial motion, setting θ = pi/2 and therefore we can ignore the fourth
constant of motion. From Eq. (18) we obtain the radial equation motion for
charged particles as
1
2
r˙2 + Veff (r;L, α, β) = E2 , (21)
where the dot denotes derivative with respect to the proper time of the particle
τ and the radial function Veff (r;L, α, β) is the effective potential of the system
which is given by
Veff (r;L, α, β) =
[
1 +
r2
2α
(
1−
√
1 +
8αM
r3
)]
×
{
1 +
1
r2
[
L − β
M
(
r2 +
3M2
5r2
α
)]2}
, (22)
with the conserved constants per unit mass given by E = E/m and L = L/m
and k/m2 = −1. The magnetic field parameter, reintroducing G and c for
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Table 1: The values of the ISCO radius risco are tabulated in the case of charged particles
moving around 4D EGB black hole for different values of GB coupling constant α and magnetic
parameter β.
β
α 0.000 0.001 0.005 0.010 0.050 0.100
-0.001 -0.005 -0.010 -0.050 -0.100
0.00 6.00000 5.99826 5.95709 5.84140 4.69667 3.98268
5.99829 5.95986 5.85955 5.02571 4.63195
0.01 5.99388 5.99215 5.95109 5.83571 4.69245 3.97865
5.99217 5.95385 5.85381 5.02112 4.62743
0.05 5.96918 5.96747 5.92691 5.81276 4.67538 3.96239
5.96749 5.92963 5.83066 5.00259 4.60921
0.1 5.93782 5.93614 5.89619 5.78359 4.65365 3.94167
5.93616 5.89887 5.80124 4.97900 4.58602
0.5 5.66395 5.66248 5.62750 5.52762 4.46070 3.75646
5.66250 5.62983 5.54320 4.77049 4.38067
1.0 5.23655 5.23535 5.20681 5.12376 4.14430 3.44333
5.23537 5.20869 5.13662 4.43335 4.04561
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Figure 2: The dependence of the ISCO radius on the GB coupling constant α for massive
particle around 4D EGB black hole immersed in an external uniform magnetic field. The
ISCO radius is plotted for different values of β.
convenience in evaluating physical scenarios, is defined as
β ≡ qBMG
mc4
, (23)
and it measures the influence of the external magnetic field on the motion of
charged particles. It is easy to see that in the case of small values of α and β
the effective potential tends to the Schwarzschild case.
The radial dependence of the effective potential (22) for different values of
α and β is shown in Fig. 1 from which it can be seen that the GB term and the
magnetic field have opposite effects.
Next, let us come to study circular orbits of charged particles around a black
hole in 4D EGB gravity in the presence of external asymptotically uniform
magnetic field. By imposing the following conditions for the effective potential
and its first derivative
E2 = Veff (r;L, α, β) , (24)
∂Veff (r;L, α, β)
∂r
= 0 . (25)
we obtain the values of the constants of motion E and L at circular orbits. Thus,
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the angular momentum for particles on circular orbit is given by
L = 1
rF ′(r)− 2F (r)
{
βr3 [F ′(r)N(r) + F (r)N ′(r)] +
+ r3/2
[
β2rF (r)2
(
rN ′(r) + 2N(r)
)2 − rF ′(r)2 + 2F (r)F ′(r)]1/2} ,(26)
where primed quantities denote derivatives with respect to r and N(r) = 1 +
3M2α/5r4. The innermost stable circular orbit (ISCO) is then determined from
the condition
∂2Veff (r;L, α, β)
∂r2
= 0 . (27)
In Fig. 2 we show the dependence of ISCO radius on the GB coupling α for the
different values of β. We see that the ISCO radius in 4D EGB gravity becomes
smaller as the effect of the GB term increases. Note that the ISCO radius also
decreases as a consequence of the introduction of a magnetic field. In table 1,
we provide numerical values for the ISCO radius for the different values of the
GB coupling constant and magnetic field parameter.
4. Energetic collisions
We consider now the collision energy of two particles in the geometry of the
4D EGB black hole. We assume that the two particles have rest masses m1 and
m2 at spatial infinity. The four-momentum and the total momenta of the two
colliding particles (i = 1, 2) are given by
pαi = miu
α
i , (28)
pαt = p
α
1 + p
α
2 . (29)
where uαi is the four velocity of the particle i. From the Hamilton’s equation of
motion the four-momentum is given by
pα = gαβ (piβ − qAβ) , (30)
where piβ is the canonical four-momentum of a charged particle. Based on the
Eqs. (28) and (29) the center of mass energy Ecm of the collision between the
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two particles is given by [44]
E2cm
2m1m2
=
m21 +m
2
2
2m1m2
− gαβuα1uβ2 . (31)
Our aim is to understand the impact of the GB coupling constant α on the
energy extracted from the collision process and compare to Einstein gravity.
In the context of astrophysics the mechanism could help explain the observed
production of high energy particles by black hole candidates. For simplicity
we consider particle collisions of two free falling particles which occurs near
the horizon of the black hole. Employing equation (30) for the particle i and
substituting them into the general form of center of mass energy (31), we get
E2cm
2m1m2
= 1 +
(m1 −m2)2
2m1m2
+
E1E2
F (r˜)
−
−
(
L˜1 − β
(
r˜2 + 3α˜5r˜2
))(
L˜2 − β
(
r˜2 + 3α˜5r˜2
))
r˜2
−
− 1
F (r˜)
√√√√√√E21 − F (r˜)

(
L˜1 − β
(
r˜2 + 3α˜5r˜2
))2
r˜2
+ 1

×
√√√√√√E22 − F (r˜)

(
L˜2 − β
(
r˜2 + 3α˜5r˜2
))2
r˜2
+ 1
 , (32)
where we have defined L˜1,2 = L1,2/M , α˜ = α/M2 and r˜ = r/M . Eq. (32)
describes the center of mass energy for collision of two charged particles having
respectively two different specific angular momenta L˜1,2 and specific energies
E1,2.
From Fig. 3 it can be seen that the center of mass energy increases as the
distance from the source decreases. Therefore, we consider the limiting case
r˜ → r˜h for which the center of mass energy becomes the highest. For the sake
of clarity, we further assume m1 = m2 = m for free falling particles and evaluate
the limiting value for the center of mass energy extracted by particle collision
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at the horizon
E2cm(r˜ → r˜h)
m2
= 2 + 2
(
L˜1 + L˜2
)
β
+
E2
[
1 + (β − L˜1)
(
2
√
1− α˜(β + L˜1) + β − L˜1
)]
E1
+
E1
[
1 + (β − L˜2)
(
2
√
1− α˜(β + L˜2) + β − L˜2
)]
E2
− 2
(
1− 2√1− α˜
)
L˜1L˜2 − 2
(
1 + 2
√
1− α˜
)
β2 . (33)
Now, considering E1 = E2, from Eq. (33) we get the simple formula
E2cm(r˜ → r˜h)
m2
=
[
4 +
(
1− 2√1− α˜
)(
L˜1 − L˜2
)2 ]
. (34)
From the above equation it is immediately clear that the effect of magnetic field
on the extracted energy does not participate in the limiting case when E1 = E2.
Also it is easy to notice that the center of mass energy extracted by two particle
collisions at the horizon increases with increasing the coupling parameter α as
the horizon gets closer to the source. The behaviour of Ecm as a function of r
is also shown in Fig. 3. It is clear that the center of mass energy for black hole
in 4D EGB gravity remains finite at the horizon and it is larger for α > 0 as
compered to the one for Schwarzschild case.
5. Epicyclic frequencies and mass-limit of microquasars
We consider here a charged particle with stable circular motion, i.e. motion
at the minimum of the effective potential which is only allowed for r ≥ risco.
If such a particle is slightly displaced from the circular radius r0, the so-called
epicyclic motion occurs around the equilibrium position. For a small displace-
ment r = r0 + δr and θ = pi/2 + δθ, the particle oscillates just like a linear
harmonic oscillator and the displacements are governed by the equations
δr¨ + ω¯2rδr = 0, δθ¨ + ω¯
2
θδθ = 0, (35)
where ω¯r and ω¯θ denote the frequencies of the radial and latitudinal epicyclic
oscillation respectively, as measured by a local observer. The orbital frequency
14
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Figure 3: The center of mass energy Ecm for the collision of two particles moving around
a black hole with angular momenta L˜1 and L˜2, respectively, in the absence of magnetic field
(i.e. β = 0). The solid line corresponds to the Schwarzschild black hole in Einstein’s gravity
(the event horizon is located at r/M = 2 in this case), while the dashed line corresponds to
the 4D EGB black hole with α = 1 (the event horizon is located at r/M = 1 in this case).
For this figure, we used the particular case in which E1 = E2 = 1 and L˜1 = −L˜2 = 2. Note
that Ecm is larger for a black hole in EGB gravity in comparison to the Schwarzschild case.
However, one can see that in both cases Ecm is finite at the horizon.
ω¯φ comes from the definition of angular momentum. These frequencies are then
determined by equations
ω¯2r =
1
grr
∂2Hpot
∂r2
, (36)
ω¯2θ =
1
gθθ
∂2Hpot
∂θ2
,
ω¯φ =
1
gθθ
(
L − qAφ
)
.
For distant observers, these frequencies need to be transformed into the form
that the observer measures at infinity. Locally measured frequencies (ω¯) and
frequencies measured at infinity (ω) are related by the transformation from the
proper time τ to the time measured at infinity t. This, reintroducing G and c,
can be written as
ω =
1
2pi
c3
GM
ω¯
(−gtt)E , (37)
where for convenience we have reintroduced G and c. In Figs. 4 - 6, we plotted
the epicyclic frequencies for the 4D Gauss-Bonnet black holes immersed in an
external uniform magnetic field (depending on both parameters α and β) and
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compared them to the frequencies for the Schwarzschild black hole immersed in
an external uniform magnetic field (depending only on β).
Obviously, the substantial difference between the frequencies in these space-
times is based on the different position of the ISCO as α increases. This in turn
leads to a 3:2 resonance shift.
5.1. Mass-limit of microquasars
In order to asses the possible validity of the 4D EGB theory in astrophysics
one needs to compare some observable predictions of the theory with the cor-
responding results in Einstein’s gravity in the hope that they may be distin-
guished. To this purpose quasi-periodic oscillations (QPOs) offer a valuable tool
to test theoretical models. In particular an important application in present as-
trophysics can be found in the high-frequency quasi-periodic oscillations (HF
QPO) observed from many low-mass X-ray binaries (LMXB) containing a black
hole or a neutron star. Occasionally, these HF QPOs are observed in pairs (up-
per and lower frequencies). For many black hole LMXBs we find a ratio of these
frequencies fU : FL (upper and lower frequency) fixed equal to 3:2 [95, 105],
which states that the upper frequencies are very close to the orbital frequencies
of the ISCO, we can conclude that these phenomena occur in close proximity
to the central object, i.e. in a regime of very strong gravity.
This ratio of twin HF QPO frequency (fU : fL = 3:2) is observed, for exam-
ple, for the sources GRO 1655-40, XTE 1550-564 and GRS 1915 + 105. One
straightforward interpretation is to identify the frequency fU with ωθ and the
frequency fL with ωr. Of course, there are also other possibilities. As it can
be seen for example in Figs. 4 - 6, however, this identification corresponds to
epicyclic resonance model [96, 92].
The influence of the α parameter on the dependence of the upper frequency
and mass with respect to astrophysical data is presented in Figs. 7 and 8. In
order to obtain a good fit of the observed data, the presence of a non vanishing
magnetic field is necessary. It can be seen from the figures that a decreasing
parameter α (from 1 to -8) presses the upper frequency for negative β under
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Figure 4: The epicyclic frequencies for various parameter α of 4D EGB black hole immersed
in an external uniform magnetic field described by parameter β. Dotted curves are radial
frequencies, dashed curves are latitudinal frequencies and dot-dashed are orbital frequencies.
Thin gray lines denotes epicyclic frequencies for the Schwarzschild black hole immersed in an
external uniform magnetic field. Vertical lines indicates a position of 3:2 resonance in between
radial-latitudinal frequencies (solid), latitudinal-orbital frequencies (dotted) and radial-orbital
(dashed).
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Figure 5: The epicyclic frequencies for various parameter α of 4D EGB black hole immersed
in an external uniform magnetic field described by parameter β. Dotted curves are radial
frequencies, dashed curves are latitudinal frequencies and dot-dashed are orbital frequencies.
Thin gray lines denotes epicyclic frequencies for the Schwarzschild black hole immersed in an
external uniform magnetic field. Vertical lines indicates a position of 3:2 resonance in between
radial-latitudinal frequencies (solid), latitudinal-orbital frequencies (dotted) and radial-orbital
(dashed).
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Figure 6: The epicyclic frequencies for various parameter α of 4D EGB black hole immersed
in an external uniform magnetic field described by parameter β. Dotted curves are radial
frequencies, dashed curves are latitudinal frequencies and dot-dashed are orbital frequencies.
Thin gray lines denotes epicyclic frequencies for the Schwarzschild black hole immersed in an
external uniform magnetic field. Vertical lines indicates a position of 3:2 resonance in between
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Figure 7: The upper frequency - mass relations (resonance 3:2 of ωθ : ωr) for various
parameter α. The curves for parameter β for positive values are black, for negative values gray.
Dotted curves corresponds to β = 0, dashed to β = {−0.01, 0.01} and solid to β = {−0.1, 0.1}.
the upper frequency with positive β. It is also clear that the α parameter
best fits the experimental data with a non-zero β parameter, similarly to case
of Einstein’s gravity. The fact that the best fits are obtained for negative α
suggests that the 4D EGB theory is not better suited than Einstein’s theory to
explain the phenomena.
6. Conclusions
We considered a black hole solution in the 4D limit of Einstein-Gauss-Bonnet
theory proposed in [5] and studied the motion of charged particles in the space-
time when an external magnetic field is present. The solution reduces to the
Schwarzschild case when the GB coupling vanishes. We found the effect of
the Gauss-Bonnet coupling on the ISCO for circular orbits of charged particles
and determined the collision energy in the vicinity of the horizon. We showed
that, similarly to Einstein’s case, the presence of the external magnetic field
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could help explain the observed resonance of high frequency QPOs from micro-
quasars. Also we showed that a better fit of the data is obtained for negative
values of the GB coupling constant. However, α < 0 appears to be disfavoured
as it makes EGB gravity repulsive and the black hole can not form dynamically
from collapse in this case. While more investigation is needed in order to asses
the validity of 4D EGB black holes as possible alternatives to black holes in
GR, our study suggests that both classes of solutions show qualitatively similar
behaviors and therefore the 4D EGB black holes may not be ruled out solely on
the basis of present observations.
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